Abstract: In the Hawaiian Islands, intentionally introduced exotic fishes have been linked to changes in native biodiversity and community composition. In 1905, the mosquito fish Gambusia affinis was introduced to control mosquitoes. Subsequently, G. affinis spread throughout the Islands and into coastal anchialine ponds. Previous studies suggest that presence of invasive fishes in anchialine ponds may eliminate native species, including the endemic shrimp Halocaridina rubra. We examined effects of G. affinis on H. rubra populations in anchialine ponds on the Kona-Kohala coast of the island of Hawai'i. In the presence of G. affinis, H. rubra exhibited a diel activity pattern that was not seen in fishless ponds. Shrimp in ponds with fish were active only at night. This pattern was evident in anchialine ponds and in laboratory experiments. In laboratory predation experiments, G. affinis preferentially consumed smaller H. rubra, and in the field the H. rubra collected from invaded sites were larger than those from fishless ponds. Analysis of trophic position using stable isotope analyses showed that feeding of H. rubra was not significantly distinct from that of snails, assumed to feed at trophic level 2.0 on epilithic algae, but G. affinis was slightly omnivorous, feeding at tropic level 2.2. The mosquito fish diet was apparently composed primarily of algae when the defensive behavior of H. rubra made them substantially unavailable as prey. The effect of successful establishment of G. affinis on shrimp behavior has the potential to alter abundance of benthic algae and processing and recycling of nutrients in anchialine pond ecosystems.
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The introduction of nonnative species is one of the greatest threats to biotic diversity and ecosystem functioning throughout the world (Mack et al. 2000, Silliman and Bertness 2004) . Invasion events are typically linked to human activities (Rejmanek 1996) , and the introduction of nonnative species will likely continue due to both intentional and unintentional release by humans and ineffective regulations (Crivelli 1995) . Species invasions cause major environmental damage and economic losses amounting to billions of dollars annually in the United States alone (Pimentel et al. 2005) ; therefore, the consequences of invasion are of substantial interest to scientists and concern to policy-makers and the general public (Vitousek et al. 1997) .
Fishes have been intentionally introduced throughout the world for sport, as ''ornamental'' taxa, and for biological control of insect species (Leyse et al. 2004 ). The U.S. Geological Survey (2006) has reported that a total of 653 species of fishes have been introduced into aquatic habitats in the United States. Introduced fishes have been linked to declines in native invertebrate species, especially in previously fishless water bodies (Englund 1999 , Townsend 2003 , Leyse et al. 2004 , Vitule et al. 2006 , and to changes in trophic relationships (Cardona 2006) . For example, brown trout (Salmo truta) introductions in New Zealand have caused local fish and invertebrate extinctions and changes in the behavior of native fishes and macroinvertebrates (Townsend 1996) .
As with other inland water habitats in the United States, fish introductions have been frequent in coastal Hawaiian anchialine ponds-small brackish-water ecosystems found in areas with porous basins, typically of pumice (Brock and Kam 1997) . These ponds are hydrologically linked to both groundwater sources and the ocean. Anchialine ponds, restricted in the United States to the Hawaiian Islands (Brock 1977) , support endemic communities of native organisms, including two shrimp species, Halocaridina rubra ('ō pae'ula) and Metabetaeus lohena. Historically, these ponds were important to the coastal fishing culture of native Hawaiians and as aquaculture sites (Santos 2006) . Currently, populations of H. rubra and other anchialine-pond species are threatened by habitat destruction and the introduction of nonnative predatory fishes and shrimps. Previous research suggests that the presence of invasive fishes may eliminate H. rubra from ponds (Bailey-Brock and Brock 1993) , but the mechanism for their eradication has been unclear. In addition to being biologically important, the 'ō pae'ula are culturally significant to native Hawaiians and have become important in the aquarium trade (Santos 2006) .
One of the fish invaders most commonly found in anchailine ponds is the western mosquito fish, Gambusia affinis (Brock and Kam 1997, Englund 1999) . These fish are diurnal consumers and, although they have been introduced throughout the world to control mosquito populations (Pyke 2005) , they are also known to feed on other insects, algae, crustaceans, and small vertebrates (Leyse et al. 2004 , Pyke 2005 . Introductions of mosquito fish have led to reductions in invertebrate populations, changes in phytoplankton abundance, and changes in aquatic chemistry in other systems (Hurlbert et al. 1972, Hurlbert and Mulla 1981) . In 1905, 150 G. affinis were brought to the Hawaiian Islands from Texas to promote mosquito control (Stearns 1983) . Subsequently, G. affinis spread throughout the Islands and is now present in many anchialine ponds.
The introduction of G. affinis to Hawaiian anchialine ponds could directly affect native shrimp populations in at least two ways: by eliminating the H. rubra through consumption and by modifying H. rubra behavior, making them less active during the day when vulnerability to visual predation by the fish is greatest. Other studies have shown that predators can affect their prey through consumption or by instigating changes in prey behavior and life history traits (Flecker 1992 , Allan 1995 . For example, many zooplankton in lakes migrate vertically during the day to dark bottom waters to avoid predation by visually foraging fishes (Zaret and Suffern 1976) , a behavior that is in many cases induced by fish kairomones (Lampert and Loose 1992, De Meester et al. 1998) . This modification of behavior may incur costs in terms of lost foraging time in illuminated surface waters where algae are more abundant or in the metabolic cost of swimming (Loose and Dawidowicz 1994) .
The direct effects of predator introduction, through the reduction or elimination of prey and the alteration of prey behavior, can impact the trophic dynamics of aquatic ecosystems (Nystrom et al. 2001) . Gambusia introductions would be expected to add a trophic link to naturally fishless Hawaiian anchialine ponds that typically lack vertebrate predators of H. rubra (Brock and Kam 1997) . In fishless ponds, the food chain should have just two trophic levels (and one trophic link): epilithic algae consumed by 'ō pae'ula. Ponds with Gambusia might then be expected to have three trophic levels (two links): algae consumed by 'ō pae'ula, which are in turn consumed by fish. However, if the 'ō pae'ula were effective at evading predation by altering their behavior, the ominivorous Gambusia would be forced to feed in part or entirely on benthic algae, and food chain length shortened to an intermediate position of between one and two trophic links. Here, we report the results of a study of Hawaiian anchialine ponds to determine: (1) if G. affinis is capable of preying on H. rubra under laboratory conditions; (2) if H. rubra persists in anchialine ponds after G. affinis introduction, and whether its behavior changes so as to facilitate its persistence; and (3) the actual trophic position of G. affinis in ponds to which it has been introduced.
materials and methods

Study Sites
All sampling and collection of organisms were conducted in three anchialine ponds at the Four Seasons Hualālai Resort on the Kona-Kohala coast of the island of Hawai'i ( Figure 1 ). Two ponds, Ho'onanea (270 m 2 , 50 cm average depth) and Waiiki (48 m 2 , 25 cm average depth), contained large populations of the introduced mosquito fish, Gambusia affinis. Ho'onanea also supported a small population of introduced guppies, Poecilia reticulata, and glass shrimps, Paleomonetes spp. The third pond, Wahi pana (4 m 2 with average depth of 14 cm), contained no fish or glass shrimps. All of the ponds were situated on lava substrate within 100 m of the ocean and experienced tidal fluctuations in water depth (though all still contained water at low tide). Measurement of salinity in the ponds made in a previous year indicated that they are slightly less saline than seawater, but no salinity measurements were taken during the study reported here. Situated as they were within the Four Seasons Resort, the ponds were either surrounded by landscaped lawn (Ho'onanea and Waiiki) or located in pumice rubble adjacent to a golf course (Wahi pana).
'Ō pae'ula Occurrence, Diel Behavior Patterns, and Fish Predation
We measured the abundance of active H. rubra in each pond (i.e., out and generally visible resting on, or slowly swimming along the submersed rock surfaces) at midday and about 2 hr after sunset on three sampling dates. Due to differences in pond surface area, sampling methods differed among ponds. Ho'onanea and Waiiki were each sampled using a 30 cm wide net (straight, flat bottom edge) using 10 sweeps of 20 sec each. Because of its small size, Wahi pana could only be sampled with a small net (10 cm bottom edge) using brief (5 sec) sweeps moved along the bottom five times. All sampling was carried out on flat lava substrate containing small crevices and holes. In Wahi pana the lava substrate had numerous sharp protrusions around which the sampling net had to be moved. To standardize for net size and sampling time, we report catch per unit effort (CPUE), defined as the number of H. rubra caught per centimeter of net width per minute. This measure, although somewhat qualitative for comparisons of shrimp density among ponds, provided a quantitative estimate of diel changes in shrimp abundance on the substrate surface or in the water column within each pond.
In addition to diel changes in abundance patterns in the ponds, we assessed activity patterns in the laboratory using experimental tanks. Each tank was 19 liters in volume filled partway with 8 liters of water obtained from a fishless pond (i.e., no fish kairomones were present to which the 'ō pae'ula might react). Six H. rubra were added to four tanks containing a small (@20 cm 3 ) porous lava rock. The rock was added as a potential refuge, typical of the holes and crevices in the natural pond substrate. After a 30 min equilibration period, the location of each H. rubra (under refuge or out in the open) was recorded at 30 sec intervals for 10 min. Three G. affinis were then added to each tank and H. rubra location was again recorded every 30 sec for 10 min. This experiment was simultaneously conducted in four tanks containing H. rubra from Ho'onanea (fish-invaded) and in four tanks containing H. rubra from Wahi pana (fishless) during both day and night, applying a fully factorial design. Nocturnal observations were accomplished using a red diode light only during the period of counting to minimize light disturbance of the H. rubra and G. affinis.
To assess the potential impact of sizeselective predation by Gambusia in the field, we collected by dip net (0.5 cm mesh size) and measured the lengths of 40 H. rubra from both Ho'onanea (fish-invaded) and Wahi pana (fishless) ponds. We tested directly for size-selective feeding using laboratory experiments in which three large (18 G 3 mm long) and three small (7 G 2 mm) H. rubra were added to each of four experimental tanks each containing three G. affinis (50 G 10 mm) and no refuge rock. The tanks were illuminated by natural day and night conditions. The number of H. rubra remaining from each size class was recorded at 1, 2, 5, and 24 hr beginning at 0800 hours.
Diel CPUE data and 'ō pae'ula size comparisons were made using Student's t-tests. Behavioral and size-selective predation data were normalized by logðx þ 1Þ transformation and analyzed using repeated measures multiple analyses of variance (MANOVAs). All analyses were performed using JMP 5.1.2 statistical software.
Trophic Positions of 'Ō pae'ula and Fish
The trophic positions of H. rubra and G. affinis in the Ho'onanea Pond were determined using d 15 N stable isotope analyses (Post 2002 ), in which the trophic level at which an individual has fed over the course of its life is estimated from analysis of the d 15 N of its body tissue. There is typically an enrichment of 3.40 between the consumer and its diet (Post et al. 2000 , Post 2002 . Omnivores feeding at more than one trophic level have d 15 N contents that represent the weighted average of trophic levels at which they have fed.
We established a baseline for primary consumers (Post 2002 ) using the d 15 N content of benthic snails, Theodoxus sp., which we found crawling on exposed rock surfaces feeding on epiphytic algae and so scored them as having fed all their lives at trophic position 2.0. Snails plus H. rubra and G. affinis collected from Ho'onanea were placed in ice water for 20 min, frozen overnight, and then dried at 60 C for 24 hr. Eight samples of G. affinis were analyzed, each consisting of homogenized tissue from a single fish. For snails and H. rubra, three samples were analyzed, each consisting of homogenized tissue from four individuals. Although these values did not fully represent variation among individuals, this procedure ensured adequate sample sizes for stable isotope analysis and provided greater consistency in defining the general patterns of taxon trophic position.
Tissue from the frozen snails was extracted from the shells under a dissecting stereomicroscope before drying. Dried tissue was flash-frozen with liquid nitrogen and ground for analysis using a mortar and pestle. Three milligrams of dry tissue per sample were analyzed for d 15 N using an isotope ratio mass spectrometer (Finnigan MAT Delta Plus). Trophic position was calculated using the standard equation (see Post 2002 for a review):
results 'Ō pae'ula Occurrence, Diel Behavior Patterns, and Fish Predation 'Ō pae'ula were present in both fish-invaded anchialine ponds but exhibited a distinct diel activity pattern not observed in the fishless pond. In ponds with fish, significantly more 'ō pae'ula were out and active where they could be collected during the night than in daylight, when no 'ō pae'ula at all were captured (t ¼ 2.3, df ¼ 5, P ¼ .004 for Ho'onanea; t ¼ 2.42, df ¼ 5, P ¼ .004 for Waiiki). The CPUE at night averaged 1.2 G 0.5 and 0.4 G 0.2 (mean CPUE G 1 SE) in Ho'onanea and Waiiki, respectively (Figure 2 ). In contrast, there was no difference in the numbers of H. rubra observed and captured during day and night in fishless Wahi pana (CPUE day 4.8 G 2.0, night 2.1 G 0.7; difference not significant: t ¼ 1.27, df ¼ 5, P ¼ .27).
The results of the laboratory behavioral experiments were consistent with our field observations. During daylight, a greater fraction of H. rubra from the fish-invaded pond was found under the refuge rocks than was the case for individuals from the fishless pond (Figure 3 ). This was true whether fish were present in the experimental tanks Effects of an Introduced Fish on an Endemic Shrimp . Capps et al. (F ¼ 221.39, df ¼ 6, P < .0001 for all) or not (F ¼ 8.88, P ¼ .03); indeed, the 'ō pae'ula from the invaded pond were found under the refuges in more than 95% of observations. At night, however, there was no difference in the behavior of H. rubra from fish-invaded and fishless ponds (F ¼ 1.39, P ¼ .29 with fish; F ¼ 0.18, P ¼ .68 fishless). On average, 70% of the 'ō pae'ula from both ponds were found in the open, not under the refuge rocks (Figure 3) . The H. rubra from fish-invaded ponds were more often under refuge rocks when fish were present than when fish were absent during both night (F ¼ 10.48, P ¼ .02) and day (F ¼ 30.68, P < .01). However, H. rubra from fishless ponds made less use of refuges at night when fish were present than when fish were absent (F ¼ 10.53, P ¼ .02). In the absence of fish, H. rubra from fishless ponds did not exhibit a change in behavior between day and night (F ¼ 2.62, P ¼ .16).
'Ō pae'ula collected from Ho'onanea (fishinvaded) were 57% larger (t ¼ 10.62, df ¼ 77, P < .0001) than those collected from Wahi pana (fishless). In laboratory predation experiments, G. affinis preferentially consumed smaller H. rubra (F ¼ 9.60, df ¼ 6, P ¼ .02). In fact, all of the small H. rubra and none of the large H. rubra were consumed. Because no refuge rock was present in these experiments (to make feeding by fish possible), the differences in vulnerability to predation can be attributed to size-selective predation. Although we directly observed G. affinis consume small 'ō pae'ula, our observa- tions suggested that the large 'ō pae'ula, common in the fish-invaded ponds, were too large for the G. affinis to handle and were only very rarely even attacked by the fish.
'Ō pae'ula and Fish Trophic Position
The trophic positions of the 'ō pae'ula, fish, and reference snails did not differ significantly (ANOVA, F ¼ 3.31, df ¼ 11, P ¼ .07 [ Figure 4] ). In particular, 'ō pae'ula had a mean d 15 N value essentially identical to that of the reference snails and thus a trophic position of 2.0. The trophic position of the shrimp was also not significantly different from that of the fish, although for unknown reasons the variability in 'ō pae'ula d
15 N values was substantially larger than that for either the snails or the mosquito fish (Figure 4) , which may have impacted the power of the ANOVA to detect interspecific differences. We carried out a separate test for differences in trophic position between the G. affinis and reference snails, because of the lower variance in trophic positions of these taxa compared with the shrimp. Gambusia affinis had a slightly, but significantly, higher mean d 15 N value than the snails (t-test, t ¼ 2.94, df ¼ 9, P ¼ .02), indicating a trophic position of 2.2 (e.g., 80% algae and 20% herbivorous invertebrates).
discussion
The diel behavior of the endemic shrimp H. rubra in anchialine ponds along the KonaKohala coast of Hawai'i is significantly impacted by introduced mosquito fish. In ponds where fish have been introduced, the 'ō pae'ula exhibited a strong diel activity pattern not seen in the fishless ponds. They were not found on visible rock surfaces or in the water column during the day but were abundant in those locations at night (Figure 2) . Laboratory behavior experiments show that the fish are selective predators on smaller individuals in the 'ō pae'ula population and that 'ō pae'ula from ponds with fish hide during the day under rocks and are out in the open at night, whether or not fish are present in the water with them ( Figure 3) . 'Ō pae'ula from a fishless pond did not show any diel activity pattern either in the pond or in the laboratory without fish present. Even in the presence of fish, these 'ō pae'ula made less use of refuge than those from fishless ponds (Figure 3) . Despite the fact that the fish feed on the 'ō pae'ula when given an opportunity, the diel behavior of the 'ō pae'ula that live in fish-invaded ponds is so effective at avoiding predation that the trophic position of the omnivorous fish is the same as that of the 'ō pae'ula in habitats where the two species co-occur: both feed almost exclusively at the second trophic level, presumably mainly or entirely on periphytic algae ( Figure  4 ). The observation that there was much greater variability in the trophic position of the shrimp than in either the snails or the fish (Figure 4 ) may reflect differences in the body sizes of the pooled shrimp, indicating a potential ontogenic diet shift by 'ō pae'ula.
Previous studies have demonstrated that introduced predators can eliminate native species directly through consumption (e.g., Donald et al. 2001 , Parker et al. 2001 , Roth et al. 2006 , and studies of the impact of fish introductions on Hawaiian anchialine ponds have suggested that H. rubra was effectively eliminated from these habitats (Brock and Kam 1997) . The mosquito fish is a visually foraging predator; therefore, it would not have been surprising to find that it caused the local extinction of highly visible bright red 'ō pae'ula. Yet, in other systems, crustacean zooplankton can adapt to the presence of fish through altered diel behavior, where they migrate during the day to dark hypolimnetic bottom waters and back to the surface waters at night to feed (De Meester et al. 1998) . Zooplankton living in lakes that have contained fish for many years have been found to exhibit more extensive diel vertical migration than do those in lakes where fish have only recently been introduced (Gliwicz 1986) .
Several studies have found that aquatic prey can evolve life histories and morphologies that reduce vulnerability in the presence of introduced predators (e.g., Reznick and Endler 1982) . For example, Daphnia respond to fish chemical cues in the water by maturing more quickly and at a smaller body size than they do in the absence of fish cues (Castro et al. 2007) , and in some shrimp populations size and demographics have been found to change in the presence of increased fish predation (Bass et al. 2001 , Goudswaard et al. 2006 . Our short-term study was not designed to test the effects of introduced predators on either the life history or morphology of 'ō pae'ula; however, it is suggestive that the H. rubra in ponds with fish were of a substantially larger size that was invulnerable to predation by the gape-limited G. affinis. It would be interesting to explore the extent to which the behavioral and morphological differences observed between H. rubra from fish-invaded and fishless ponds represent phenotypically plastic responses to the presence of predators or genetically based adaptation. If the differences represent plasticity, their induction clearly took longer than the 24 hr that we held the 'ō pae'ula in laboratory conditions. If evolutionary change underlies the differences we observed, it would have to have been extremely rapid: Gambusia affinis had only been present in the fish-introduced ponds (Ho'onanea and Waiiki) for 2 yr at the time of our study. However, evolution at this time scale has been found frequently in other systems where native species have responded to anthropogenic environmental change (Hendry et al. 2007 ) and is one potential ameliorating response of natural populations to species introductions (Kinnison and Hairston 2007) .
Similar predator-induced shifts in foraging behavior by prey have been documented in many environments where predators have been introduced (e.g., Culp and Scrimgeour 1993, Fraser et al. 2004 ). For example, Culp and Scrimgeour (1993) determined that, in the presence of fish, mayflies shifted from diurnal to nocturnal foraging. Our results indicate that a similar shift occurred in anchialine pond shrimp populations after mosquito fish introduction. Behavioral responses to predation may also have ecosystem-level consequences: Peckarsky et al. (2002) found that mayflies develop faster and emerge at a smaller size in the presence of chemical cues produced by trout, thereby potentially impacting the biomass and production of the epiphytic algae on which they feed. Such changes may also be seen in anchialine pond environments if nocturnally active H. rubra are less effective at foraging.
Mosquito fish did not consume large (>10 mm) H. rubra in our study but did consume small (<10 mm) individuals. Gambusia, like many other small fish, are size-selective feeders, with selected prey size a function of fish size (Bence and Murdoch 1986 ). The selective feeding on small 'ō pae'ula that we documented is notable because H. rubra was significantly larger in ponds where fish were present (11.6 G 1.3 mm in Ho'onanea) than where fish were absent (7.4 G 2.1 mm in Wahi pana). These results demonstrate the importance of refugia for H. rubra in invaded systems. Without the shelter provided by the porous pumice substrate, mosquito fish invasion would likely lead to local extinctions of the 'ō pae'ula.
Gambusia affinis is an opportunistic omnivore (Leyse et al. 2004) , consuming macroinvertebrates and small vertebrates in addition to algae (Pyke 2005) . It is interesting that although the mosquito fish we tested were capable of consuming small H. rubra, our d 15 N data show that, assuming a simple foodchain, the G. affinis obtained about 80% of its diet from algae, with the remaining 20% coming from herbivores such as 'ō pae'ula. Apparently the behavior and body size of the 'ō pae'ula are substantially effective in removing them as a significant food source for the fish. The G. affinis then take on a trophic role as herbivores in the pond ecosystems and may, over the course of a day-night activity cycle, become competitors with the 'ō pae'ula for algal resources in the ponds (Figure 4) . 'Ō pae'ula are known to feed actively on periphytic algae in Hawaiian anchialine ponds, an activity that maintains biodiversity in the anchialine pond environment (BaileyBrock and Brock 1993) . Removal of H. rubra from anchialine ponds could result in the rapid accumulation of algae (Brock 1987) , though algivory by the fish and nocturnal foraging by the 'ō pae'ula may ameliorate this effect. Fish introductions to anchialine pond ecosystems may alter the processing and cycling of nutrients, the abundance of benthic algae, and the level of primary productivity. The magnitude of these effects and the role of behavioral and morphological adaptation by H. rubra must play an important, but currently unquantified, role in these dynamics.
